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The conventional activated sludge process is widely used for the removal of organics and nutrients in 4 municipal and industrial wastewater plants due to its high efficiency, cost effectiveness, flexibility, and 5 ease of operation. However, production of large amount of waste activated sludge (WAS) is one of its 6 major drawbacks (Neyens et al., 2004) . WAS along with the primary sludge (PS) from primary treatment 7 of wastewater present a significant disposal problem; volume reduction and stabilization are required 8 before disposal (Rajan et al., 1989) . Sludge handling and disposal cost could be as high as 50% of the 9 total cost of the wastewater treatment process (Appels et al., 2010; Neyens et al., 2004) . 10
Anaerobic digestion (AD) is the most commonly used method for sludge stabilization to reduce odors, 11
pathogens and volatile solids, where organic materials in sludge are converted to biogas (mainly methane 12 and CO 2 ). The process consists of four steps: hydrolysis, acidogenesis, acetogenesis and methanogenesis 13 (Appels et al., 2008; Kim et al., 2015) . Anaerobic digestion of WAS is generally limited by the hydrolysis 14 step due to its particulate nature. The hydrolysis step degrades both insoluble organic matters and high 15 molecular weight compounds such as proteins, carbohydrates and lipids into soluble organics (Appels et 16 al., 2008) . The major part of the organic compounds in WAS is trapped in a polymeric network formed by bioflocculation, settling and dewatering of the sludge. Between 70 and 80% of EPS in WAS can be 20 attributed to proteins and carbohydrates (Neyens et al., 2004) . In order to enhance anaerobic digestion, the 21 EPS network should be disintegrated to make the cell contents available to microorganisms (Dhar et al., 22
2012; Nielsen et al., 2011) . Improving solubilization of solids and degradation of hydrolyzed organics 23 have been reported to improve the overall digestion rate and the degree of degradation (Strong and Gapes, 24 2012) . 25
Different pre-treatment methods such as thermal, chemical, biological and mechanical have been applied 26 prior to AD on both WAS and PS to improve the cell disintegration and hydrolysis steps (Carrère et al. , 27 2010; Devlin et al., 2011; . Although, thermal pre-treatments were initially 28 used to improve sludge dewaterability by degradation of gel structure (Kondusamy and Kalamdhad, 29 2014), they can also destroy the cell walls to release organic compounds for biodegradation, (Neyens and 30 Baeyens, 2003; Nielsen et al., 2011) and decrease the digestate viscosity (Ariunbaatar et al., 2014) . Although these methods are reported to enhance organics solubilization, there are different observations 7 on the effect of pre-treatments on biogas production. Many studies have documented that there is a direct 8 relationship between solubilization and biodegradation but with different proportionality. For example, 9
Uma Rani et al. studied the effect of low-temperature thermo-alkali pre-treatment of WAS and found that 10 treatment at 60 o C, pH 12 was optimum for 23% higher COD solubilization and 22% higher suspended 11 solids (SS) reduction with 51% higher biogas production compared to control (Uma Rani et al., 2012). 12
Similarly, 30% improvement in biogas production in a low temperature pre-treatment (70 o C) for 9-72 hrs 13 of a mixture of thickened primary sludge and WAS reported by (Ferrer et al., 2008) . Tanka et al. reported  14 an increase in methane production up to 200 % with VSS solubilization of 40-50 % by thermo-alkali pre-15 treatment of WAS at 130 o C for 5 minutes (Tanaka et al., 1997) . Conversely, in a study by Dhar et al. 16
(2012) thermal pre-treatments of municipal WAS at 50, 70 and 90 o C for 30 min caused significant 17 increase in the ratios of SCOD/TCOD compared to the control, with only 13-19% increase in methane 18 production. SCOD increase was due to the disruption of cells in WAS and release of proteins, 19
carbohydrates and lipids, as confirmed by the analysis of SCOD. Nielsen et al. reported the effects of 20 thermal pre-treatment and inter-stage treatment at low (80 o C) and high (130-170 o C) temperatures, and 21 170 o C/pH 10 for 10-24 hr on WAS (Nielsen et al., 2011) . All the treatments, especially those at high 22 temperatures (130 and 170 o C) increased the solubilization of volatile solids and enhanced methane 23 production rate but the treatments at 80 o C and 170 o C/pH 10 did not show any improvement in final 24 methane yield. 25
The above studies indicated that the effects of thermal/thermo-chemical treatment vary widely exhibiting 26 a complex relationship of temperature, time of treatment, chemical dosage and the type of sludge 27 requiring a comprehensive study comparing the performance of different sludges at comparable 28 conditions. Since low temperature treatments are potentially cost-effective, the objective of the present 29 study is to investigate the effects of low temperature thermal pre-treatment on solubility and digestibility 30 of various types of sludge. Earlier studies involving low temperature pre-treatment were conducted at 31 long treatment times such as 10 h (Nielsen et al., 2011) , 72 h (Ferrer et al., 2008) , and as high as 7 days 32 (Gavala et al., 2003) . Reducing treatment time would improve the cost-effectiveness of the process; 33 M A N U S C R I P T
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therefore, this study is aimed to investigate the treatment for shorter durations of 1, 3 and 5 hr in batch 1 mode. The pre-treatment conditions such as treatment temperature and time with three different pH 2 conditions (acidic, neutral and basic) were first optimized by an experimental design for the maximum 3 organics solubilization. To the best of our knowledge, no previous study was reported on optimization of 4 the pre-treatment conditions with experimental design. Low temperature thermal pre-treatments of 7 5 different types of sludge were then carried out at the optimal conditions. The effectiveness of the pre-6 treatments was investigated by a comprehensive characterization of the treated samples by analyzing 7 changes in proteins and carbohydrates concentrations, elemental and FT-IR analyses. The digestibility of 8 the pre-treated sludge samples was finally evaluated through BMP analysis. 9
Materials and Methods 10

Materials 11
Optimization of the thermal pre-treatment for the maximum solubilization was performed with WAS 12 samples taken from Adelaide Pollution Control Plant (thereafter named as ADE-WAS), London, Ontario. 13
The ADE-WAS samples were taken from rotary drum thickeners every two weeks in order to maintain 14 consistency and sample freshness and stored at 4 o C prior to the experiments. Six other sludge samples (3 15 primary, 2 WAS, 1 digestate) from five different wastewater treatment plants were used in this work. Two Plant, Guelph, Ontario, was used as a reference. 24
The pH of sludge was controlled by adding 1 N sodium hydroxide (NaOH) or 1 N sulfuric acid (H 2 SO 4 ). 25
The acid, base and all other chemicals were obtained from Caledon and Sigma-Aldrich, respectively. All 26 other chemicals used for analysis were purchased from Sigma-Aldrich. The modified Lowry protein assay 27 kit including the reagent (containing cupric sulfate, potassium iodide, and sodium tartrate in an alkaline 28 sodium carbonate buffer), 2N Folin-Ciocalteu reagent and standard solution of bovine serum albumin 29
were purchased from Thermo Scientific (ON, Canada). The factors and levels used in the experiments are presented in Table 1 . For statistical analysis, variable 7 levels were normalised to -1 (low), 0 (central), and 1 (high) according to the following formula. 8
Where Hi is the un-coded high level and Lo is the un-coded low level of the variable. 
Thermal pre-treatments 20
Thermal treatments on the sludge sample were performed in a 100 mL stirred batch reactor (Parr 21 4590 Micro Bench top reactor). In a typical experiment, approximately 70 g of sludge was fed into the 22 reactor. The pH of raw sludge was around 7.6 ± 0.1, and adjusted using approximately 3.5 to 6.5 ml 1N 23 acid or base solution, for acidic and basic conditions, respectively. The reactor was then sealed and the 24 residual air inside the reactor was removed by purging with nitrogen. It was then heated with stirring to 25 the desired temperature. Once, the desired temperature was reached, the reactant content was hold for the 26 stipulated reaction time of 1 hr, 3hr or 5 hr. The reaction was stopped by quenching the reactor in a 27 water/ice bath. Each experiment was run in duplicate or triplicate and the relative errors of the measured 28 variables were mostly within ±4%. 
Biochemical methane production tests 2
Biochemical methane potential (BMP) tests were measured on an automatic test system AMPTS II 3 (Bioprocess Control, Sweden). Since the optimum pH for methanogenic bacteria is between 6.6 and 7.6, 4 pH of all samples was adjusted before the BMP test by adding appropriate volume of 1 N NaOH or 1 N 5 H 2 SO 4 . The batch anaerobic reactors were seeded with digestate (VS ~1.1%) collected from Guelph 6 wastewater treatment plant, Ontario, and fed with respective pretreated substrate (e.g. ADE-WAS, OX-7 WAS, SM-WAS, ADE-PS, PO-PS, S-PS and G-D) at a substrate-to-inoculum ratio of approximately 1:3 8 on a mass VS basis. Untreated samples were used with seed as the control and seed alone was used in the 9 blank to account for the background methane produced by the seed. All BMP tests were conducted in 10 triplicate at 37 o C for approximately 20 days. 11 BMP data were fitted using Eq (2) to extract the hydrolysis rate coefficient (k) and methane potential 12
Where ‫)ݐ(ܤ‬ is the biochemical methane yield at time t, ‫ܤ‬ is the biochemical methane potential, and t 15 is time. 16 17
Sample analyses 18
After each experiment, the reactor contents were separated into four fractions for analyses: (i) the 19 particulate (total) fraction of the sludge, (ii) the soluble fraction that was obtained after centrifugation of 20 10 ml of the pre-treated sludge at 4500 rpm for 10 min followed by filtration through 0.45 µm membrane 21 filters, (iii) the bound or labile fraction that was obtained by centrifuging 5 ml of the pre-treated sludge at 22 4500 rpm for 10 min. The supernatant was removed and the solids were re-suspended in 50 ml of 50 mM 23 phosphate buffer (pH=8). The solution was then mixed at 1500 rpm for 10 min using a magnetic stirrer. It 24 was then centrifuged at 4500 rpm for 10 min followed by filtration using 1.2 µm filter paper and the 25 filtrate was collected as the bound fraction (Higgins et al., 2008) ; and (iv) the tightly bound fraction that 26 was obtained by centrifuging 5 ml of the reactor contents at 4500 rpm for 10 min. The supernatant was 27 removed and the solids were re-suspended to a total volume of 50 ml with 1N sodium hydroxide solution. 28
The solution was then mixed at 500 rpm for 2 hrs using a magnetic stirrer. It was centrifuged at 4500 rpm 29 for 10 min following by filtration using 1.2 µm filter paper and the filtrate was collected as the tightly 30 bound fraction (Higgins et al., 2008) .
The pH of various aliquots/solvents was measured by the electric probe of SI Analytics potentiometric 1 titrator (TitroLine ® 7000). Total solids (TS), volatile solids (VS), total and volatile suspended solids (TSS 2 and VSS), and total chemical oxygen demand (TCOD) were performed on particulates fraction and the 3 soluble chemical oxygen demand (SCOD) was conducted on soluble fraction. All the analyses were 4 performed according to the Standard Methods (American Public Health Association (APHA), 1960). 5
Protein concentrations of total sludge, soluble, bound and tightly bound fractions were determined using 6
Thermo-Scientific protein kit based on modified Lowry et al. method (Lowry et al., 1951) . The color 7 developed in the sample is measured at 750 nm using a Thermo Scientific Evolution 220 UV-Visible 8 spectrophotometer. Soluble and total carbohydrate concentrations were determined using the phenol-9 sulfuric acid method (Webb, 1985) . The absorbance of the digested sample was measured using the 10 spectrophotometer at 490 nm. Total lipids concentrations were measured based on Bligh & Dyer method 11 using methanol-chloroform solution (W.J. Dyer, 1959) . 12
The solids from selected streams were dried in an oven at 105 o C overnight for elemental (CHNS) 13 analysis using a Flash EA 1112 analyzer (Thermo Scientific) employing 2, 5-Bis (5-tert-butyl-14 benzoxazol-2-yl) thiophene (BBOT) as the calibration standard. The oxygen concentration was calculated 15 by difference (100% -C% -H% -N% -S% -ash%). The Fourier transform infrared (FT-IR) analyses in 16 4000-550 cm -1 range for soluble fractions were conducted on a PerkinElmer FT-IR spectrometer (Model: 17
LR 64912C) 18
COD and VSS solubilization after treatments were calculated as follows: 19
Where the subscripts refer to the untreated samples (0) and treated samples (t). 22
Results and discussion 23
3.1. Optimization of thermal pre-treatments 24
Sludge characterization 25
The average characteristics of the collected ADE-WAS for experimental design experiments are listed in 26 
The characteristics of WAS used in this work compares well with literature although some of the 1 parameters such as pH, TS, total and soluble protein are in the slightly higher range. 2
<INSERT TABLE 2> 3
The pH of the samples was measured before and after thermal pre-treatments. For alkaline and neutral 4 conditions pH decreased after the pre-treatment, and the drop in pH was greater for alkaline condition 5 For the acidic pre-treatments, in contrast, pH was slightly increased from 4.1 to 4.3, which was likely 9
attributed to the desorption of proteins or volatilization of acidic compounds (Bougrier et al., 2008) . 10 Table 3 shows the design of the experiments and the impact of different pre-treatment conditions on 12 SCOD and VSS solubilization of ADE-WAS. After all pre-treatments, the total COD in the pretreated 13 sludge remained almost constant. All pre-treatments resulted in increased COD solubilization (between 2 14 and 20%) compared to the untreated sludge; similar to the results found in previous pre-treatment studies 15 and COD solubilization is probably due to the different particle sizes used for VSS and SCOD 20 calculations. VSS represents the particle sizes greater than 1.2 µm, while SCOD represents the particle 21 soluble COD with sizes less than 0.45 µm. The particles in the size range less than 1.2 µm and greater 22 than 0.45 µm are considered as colloidal particles. When VSS solubilization is greater than COD 23 solubilization, suspended solids are transferred into colloidal fractions which are not completely 24
COD solubilization and solids reduction 11
solubilized. This was also confirmed during the filtration of the sludge for separating the soluble phase. 25
After centrifugation of the sludge, it was first filtered by using 1.2 µm filters followed by filtration 26 through 0.45 µm filters. Filtration of this solution was very difficult (even for the thermally treated 27 sample), suggesting the presence of a large volume of colloidal particles (0.45 µm < d < 1.2 µm). On the 28 other hand, greater COD solubilisation over VSS degradation indicates the solubilization of colloidal 29 particles that are not included in VSS measurements. The degree of solubilisation increased with 30 temperature, and at the same treatment temperature and time, solubilization in alkaline condition was 31 higher than that in acidic or neutral conditions. 32
Determination of factors affecting COD solubilization 2
The effects of single variables (temperature, pH and treatment time) on COD and VSS solubilization are 3 shown as main effects plots ( Fig. 1a and b) , and the results of the ANOVA are shown in Table 4 . Fig. 1  4 depicts the response mean for each variable level connected by a line when other variables are constant 5 (without considering the interaction effects). According to Fig. 1a all three variables show a positive main 6 effect for COD solubilization, implying that increasing each of temperature, time and pH when other 7 parameters are kept constant enhances solubilization of organic matters in the sludge. However, only 8 temperature and pH have a significant effect on VSS solubilisation (p = 0.004, 0.005 respectively). Three 9 hours of treatment and neutral pH caused the lowest mean VSS solubilization, indicating that at these 10 conditions, most of the solubilized organics are in the colloidal fraction, which is not included in VSS 11
determination. 12
The analysis of variance (ANOVA) presented in Table 4 shows almost all observed variance can be 13 represented by the model (R 2 =0.92, p=4.9x10 12 ). All three factors (temperature, time and pH) were found 14 to have significant effects on COD solubilization. Interaction, polynomial, and quadratic effects are not 15 significant, but the interaction of time×pH 2 was found to have a significant effect (p = 0.0024 < 0.05), 16
noting that due to normalisation of the coded variables, pH 2 will be either 0 or 1, for coded pH values of 0 17 or -1,1 respectively. An uncoded model, against raw values could also be fit, (R 2 =0.88, p=6x10 11 , SI S1), 18
in which case the pH quadratic term dropped out. 19
<INSERT FIG 1> 20
<INSERT TABLE 4> 21
The reduced cubic regression model equation (third order polynomial) based on the coded values of the 22 experimental factors as provided in Table 4 selected for this purpose as well as S-PO-PS since it is a primary sludge generated by an alternative 4 method (rotary belt filtration) rather than from primary clarifier. 5 Fig. 3 shows the total carbohydrates concentration for ADE-WAS, ADE-PS and S-PO-PS before and 6 after thermal treatment at optimum operating conditions. The total carbohydrates concentration has 7 remained almost constant after the treatment with an average experimental error of 10%. This means that 8 carbohydrates did not degrade to volatile fatty acids (VFA) during the low-temperature thermal treatment. 9
There seems to be much larger amount of total carbohydrates in primary sludge compared to WAS, which 10 is in agreement with literature (Ariunbaatar et al., 2014) ., while WAS has higher amounts of proteins and 11 lipids However, the concentration of soluble carbohydrates is greater in un-treated WAS compared to 12 primary sludge, as shown in Fig. 4 
. Thermal treatment does not show a considerable increase in soluble 13
carbohydrates concentration except for S-PO-PS, where the soluble carbohydrates increased from 109 14 µg/ml in the un-treated sample to around 220 µg/ml in the treated one. have pointed out the effect of low-temperature treatments on destroying the cell walls and making the 5 proteins accessible for biological degradation . Comparing Fig. 4 and 6 , it 6
can be stated that in all cases, increase of soluble protein was much higher than soluble carbohydrates in 7 the same operating condition. Bourgrier et al. (2008) suggested that carbohydrates are mainly located in 8 the exopolymers of sludge structure and proteins are mainly placed inside the cells (Bougrier et al., 2008) . 9
It is also well known that both proteins and carbohydrates are the main compositions of EPS (Chen et al., The band located at 1640 cm -1 was assigned to the stretching vibration of C=O and C-N (amide 1) 20 peptidic bond of proteins. Since no protein degradation occurred during the treatments, no peaks 21 associated with amino acids or smaller fragments such as NH 3 and carboxylate groups were observed. 22
The same functional groups were observed for all of the selected samples. Thus the thermal treatments at 23 low temperature did not affect the functional group types in sludge samples. carbohydrates were analyzed. Table 6 shows the results for selected sludge samples. 28
<INSERT TABLE 6> 29
A slight decrease of sulfur in treated sludge compared to the untreated sludge indicates the release of 30 sulfur components to the soluble phase. It is also possible that the sulfur has been converted to ferrous (Table 4 ) as these elements represent the volatile matter content of the sludge. 3.6. Impact of low-temperature thermal pre-treatments on methane production potential 12
The seven sludge samples treated at optimum operating conditions were analyzed for methane production 13 through BMP tests, which represent anaerobic digestibility of sludge. The BMP graphs are provided in 14
the supplementary material S2. The characteristic parameters are summarized in Table 7 . 15 <INSERT TABLE 7> 16
The degradability of the samples which is translated to final methane production does not show 17 significant improvement in the treated samples compared to the untreated sludge. It actually reduced for 18 the S-PO-PS sludge treated at the earlier optimized conditions. This might be due to the fact that the 19 operating conditions were optimized based on WAS and not on primary sludge, indicating how the nature 20 of sludge determines the outcome. However, the hydrolysis rate coefficient of all treated samples was 1.1 21 -2.5 times higher than that of the untreated sludge. Even for the G-D sludge (a digested sludge), k hyd 22 increased more than five times compared to the un-treated G-D. A single tailed t-test (for treated > 23 untreated) indicated no significant effect on B 0 (p = 0.15) and a weak but significant effect on k hyd with a p 24 value of 0.013. This indicates that thermal pre-treatment enhanced the hydrolysis, which is a rate-limiting 25 step in AD, but did not improve the ultimate digestibility. 26
Previous studies suggest that solubilization of particulate proteins as a result of pre-treatment will enhance 27 the subsequent digestion of sludge since protein is the least biodegradable component of the sludge 28 compared to carbohydrates and lipids Uma Rani et al., 2012) . In our study, 29 increased protein solubilization did not result in improved methane production from the treated samples. 30
While the COD solubilization was enhanced for the all sludge, it is likely that the thermal pre-treatment 31 was solubilising particulate material which would otherwise been more slowly degradable (hence the 32 M A N U S C R I P T
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increase in hydrolysis coefficient). Another possibility is formation of non-degradable materials such as 1 dioxins, which were reported previously (Ferrer et al., 2008; Mullar, 2001) . In our case, it is less likely for 2 dioxins to form as they are associated with the presence of oxygen and high temperature treatments (T > 3 
Conclusions
20
The effects of low-temperature thermal pre-treatment on sludge solubilization and biodegradability were 21 studied using various types of sludge. The experimental conditions including temperature, reaction time 22
and pH were optimized for maximum COD solubilization using full factorial design and the optimal 23 conditions were determined. The following conclusions can be drawn from this study: 24
• Higher temperature, longer reaction time and alkaline pH were favorable for increased 25 solubilization of organic matter in WAS. The optimum operating conditions for maximum COD 26 solubilization were determined to be 80 o C, 5 hrs and pH ≈10. COD solubilization at these 27 conditions increased by 20% with a VSS reduction of 44% compared to the untreated sample. 28
• Pre-treatment resulted in the release of carbohydrates and proteins to the soluble phase. Increase 29 of soluble proteins was much higher than the soluble carbohydrates, as protein released from both 30 EPS and the cell lysis. 
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A C C E P T E D ACCEPTED MANUSCRIPT • Thermal pretreatment was conducted for 7 different sludge from 3 wastewater plants.
• Using CCD, the optimum treatment conditions were determined to be 80 o C, 5 hr and pH 10.
• COD and VSS solubilization increased as a result of thermal pre-treatments.
• The solubilization of proteins was significantly higher than carbohydrates • Methane was produced at initial higher rates for the pretreated samples.
